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CARDIOVASCULAR DISEASES, SUCH AS heart valve dysfunction and coronary heart disease, are a major health problem. Worldwide, ϳ280,000 heart valve replacement surgeries are performed annually (29) , whereas 448,000 adults undergo a bypass procedure in the USA alone (40) . Current available heart valve replacements are either mechanical or bioprosthetic replacement valves. In case of coronary or peripheral artery diseases, a bypass of an autologous or synthetic vessel is needed. These replacement valves and synthetic vessels are unable to fully restore native valve behavior because they are made of non-living material that lacks the capability to adapt to changing environmental hemodynamics by continuous remodeling. Cardiovascular tissue engineering is considered a promising technique to overcome this problem. A living autologous tissue engineered valve or vessel would be able to grow, repair, and remodel during life, which is especially important for pediatric and young adult patients. Tissue engineered constructs are composed of a biodegradable scaffold seeded with autologous human myofibroblasts that produce extracellular matrix. A main challenge in cardiovascular tissue engineering is the in vitro production of an extracellular matrix mimicking native structural composition and hence biomechanical tissue behavior to bear in vivo physiological loads.
The extracellular matrix of native cardiovascular tissue is composed of proteoglycans and fibrillar proteins, such as elastin and collagen. The elastin fibers are mainly important for the elastic behavior of the tissue, whereas the collagen fibers (mainly type I and III) form the most prominent load-bearing component. The load-bearing capacity of collagen is, apart from collagen content and organization, highly dependent on collagen cross-linking, which stabilizes the collagen fibrils (3) . The in vitro formation of these highly important extracellular matrix components can be affected by mechanical, biochemical (e.g., vitamins), and environmental stimuli, such as oxygen concentration (2, 24, 31) . Detailed knowledge of the individual effects of these stimuli is important because it allows for in vitro regulation of tissue formation.
Cell culture studies are generally performed at 21% O 2 , which should be considered as hyperoxia compared with physiological oxygen levels in blood ranging from 5% O 2 in venous blood to 13% O 2 in arterial blood (16) . Oxygen levels below these physiological concentrations are termed hypoxia and have a strong impact on cell biology. The process behind hypoxia is not completely known yet, but the transcription factor hypoxia-inducible factor-1 (HIF-1) is believed to be one of the key regulators responsible for the induction of genes during hypoxic conditions (22, 27) . At present, there are more than 100 HIF-1 activated genes identified with varying functions (22) . Several studies in two-and three-dimensional (3D) cell cultures have been conducted to investigate the influence of hypoxia on collagen (1, 7, 14, 18, 19) and collagen crosslink formation (7, 18) . Hypoxia has been associated with an increase of the collagen cross-link enzyme lysyl hydroxylase 2 (LH2), but procollagen ␣1(I) changes due to hypoxia differed depending on the cell source used (1, 7, 18, 19) . Besides conflicting effects in vitro due to varying cell sources, results varied depending on the oxygen concentration to which the cells were exposed and the time of exposure. In vivo studies showed increased mRNA levels of procollagen ␣1(I) and ␣1(III) in mice exposed to hypoxia and rat hearts with an induced myocardial infarct (13, 36) . Hypoxia may represent a promising stimulus to optimize tissue formation for cardiovascular tissue engineering. Therefore, in this study, the effect of hypoxia is investigated on human vascular-derived myofibro-blasts, a cell source often used in cardiovascular tissue engineering because of their matrix producing capacity (25, 35) .
Recently, it was demonstrated that human vascular-derived myofibroblasts seeded onto a biodegradable scaffold and cultured at the physiological oxygen concentration of 7% gave an increase in the total amount of collagen and collagen crosslinks compared with constructs cultured at 21% of oxygen (2) . The effect of oxygen concentrations below 7% on extracellular matrix production of human myofibroblasts has not been investigated yet. Since it is known that oxygen concentrations at the cellular level need to be below 5% to induce significant HIF-1 stabilization (8, 20) and that HIF-1 induces upregulation of various matrix regulated genes (22), we hypothesize that decreasing the oxygen concentration below 7% might even further improve tissue formation. 3D tissue engineered constructs have an oxygen gradient within the construct due to poor oxygen diffusion within the middle of the tissue (10) . This impairs the investigation of the differential effects of individual oxygen concentrations. Therefore, in the present study, the effect of decreasing oxygen concentrations on the hypoxic state and the extracellular matrix production is studied in monolayers of human myofibroblasts. The hypoxic state of cells is represented by the expression of HIF-1. However, HIF-1 is difficult to measure. It consists of HIF-1␣ and HIF-1␤, from which the protein HIF-1␣ is very unstable at 21% O 2 , whereas its mRNA is not affected by low oxygen concentrations (22) . Therefore, the more stable vascular endothelial growth factor (VEGF), a well known HIF-1 target gene, is used to indicate the hypoxic state of the cells (15, 34) . Changes in the extracellular matrix production are measured at gene expression and protein level over a range of decreasing oxygen concentration from 7 to 0.5%. In this study, 21% O 2 is defined as hyperoxia, 7% O 2 as normoxia, and 4 -0.5% O 2 as hypoxia. Knowing the optimal oxygen concentration for human myofibroblasts to produce extracellular matrix components gives us the opportunity to regulate tissue formation required to optimize tissue properties.
METHODS
Myofibroblast cell culture. Human myofibroblasts were harvested from the vena saphena magna obtained from a 63-yr-old female patient according to the "Code for proper secondary use of human tissue in the Netherlands," as provided by the Dutch Federation of Medical Scientific Societies (FMWV). These cells have previously been characterized as myofibroblasts (25) . They showed expression of vimentin but not desmin. A subpopulation of the cells expressed ␣-smooth muscle cells. Cells were expanded in T75 flasks until passage 5 in a humidified atmosphere containing 5% CO 2 at 37°C using standard cell culture methods (32) . The culture medium consisted of advanced Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS; Greiner Bio one, Frickenhausen, The Netherlands), 1% GlutaMax (Invitrogen), and 1% penicillin/streptomycin (Lonza, Basel, Switzerland).
Experimental design. Monolayers of cells (3,000 cells/cm 2 , passage 5) were cultured for at least 3 days at 21% O 2 (hyperoxia). At 50 -70% confluency, medium was refreshed and flasks were exposed to hyperoxia, normoxia, or hypoxia in a CO 2/O2 controllable incubator (MCO-18M SANYO; Wood Dale, IL; 5% CO 2, 37°C).
Within the gene expression measurements, for every flask placed at a low oxygen condition, a flask was placed at hyperoxia to serve as a control. Exposure time and oxygen concentrations were chosen based on pilot experiments. After 24 h of exposure to 7, 4, 2, 1, and 0.5% O 2, cell viability and morphology were checked and gene expression measurements were done to measure changes of relevant extracellular matrix components and cross-link enzymes compared with the control cultures at hyperoxia (n ϭ 9 per oxygen concentration).
Based on the results of these gene expression measurements, additional experiments were done in which cell viability and morphology, proliferation rates, and protein synthesis were investigated at oxygen concentrations of 7, 2, and 0.5% O 2 after 4 days of exposure and compared with hyperoxia (n ϭ 3-6 per oxygen concentration). Protein synthesis was evaluated with immunocytochemistry (n ϭ 3), an enzyme immunoassay to assess collagen synthesis (n ϭ 6), and Western blotting to assess the cross-link enzyme LH2 (n ϭ 3). All changes at gene expression and protein level, from both normoxic (7% O 2) and hypoxic (4 -0.5% O2) conditions, have been compared with control cultures at hyperoxia (21% O 2). A schematic overview of the experimental design has been provided in Fig. 1 .
Cell morphology, viability, and proliferation. Cell morphology was analyzed from microscopic phase-light contrast pictures. From these pictures, aspect ratios of 30 cells per oxygen concentration were assessed using ImageJ (WCIF ImageJ, National Institutes of Health).
To examine cell viability, cells were cultured on glass coverslips (Ø 13 mm) coated with 0.1% gelatin. After exposure to hyperoxia, normoxia, or hypoxia, samples were immediately analyzed for cell viability with a live/dead staining. Cells were stained with Cell Tracker Green (CTG; Invitrogen), which stains living cells, and Propidium Iodide (PI; Invitrogen), which binds to the DNA of dead cells. Cells were incubated with medium containing 10 M CTG at 37°C for 20 min. Subsequently, cells were washed with phosphatebuffered saline (PBS; Sigma-Aldrich, St. Louis, MO) and incubated with medium containing 7 M PI for 30 min at 37°C. Samples were visualized with fluorescence microscopy (Axiovert 200M, Zeiss, Göt-tingen, Germany).
Cell proliferation was measured during 4 days of exposure to hyperoxia, normoxia, or hypoxia. Cells were seeded in six-well plates (2,000 cells/cm 2 ) and cultured at hyperoxia for 3 days. Subsequently, they were placed at the desired oxygen concentration (day 0). During the following 4 days, three wells were trypsinized every day, and the number of cells was counted with a NucleoCounter (Chemometec, Allerød, Denmark).
Gene expression. Gene expression levels of vascular endothelial growth factor (VEGF), procollagen ␣1(I) (col I) and ␣1(III) (col III), elastin, and cross-link enzymes lysyl oxidase (LOX) and lysyl hydroxylase 2 (LH2) were measured. After exposure to either hyperoxia, normoxia, or hypoxia, cells were washed twice with PBS and immediately lysated by scraping with RLT buffer to minimize RNA degradation. Total RNA was isolated using the Qiagen Micro Kit according to the manufacturer's instructions (Qaigen, Hilden, Germany). Nucleic acid content was determined spectrophotometrically (NanoDrop ND1000, Isogen Life Science, IJsselstein, The Netherlands). Synthesis of cDNA was carried out with 1,000 ng of RNA in a 50-l reaction volume consisting of 0.5 mM dNTPs (Invitrogen), 2 g/ml random primers (Promega, Madison, WI), 10 mM DTT (Invitrogen), 4 IU/l M-MLV (Invitrogen), M-MLV buffer (Invitrogen), and ddH2O. Control reactions without M-MLV (-RT) were performed to screen for genomic DNA contamination. The temperature profile of the cDNA synthesis protocol was 6 min at 72°C, 5 min at 37°C (with subsequent addition of M-MLV), 60 min at 37°C, and 5 min at 95°C. Samples were stored at 4°C for qPCR use.
Stability of reference genes with respect to the experimental treatment was determined by the geNorm algorithm described by Vandesompele et al. (37) . The two most stable reference genes were cytochrome c-1 (CYC1) and ␤-2 microglobulin (B2M). Primer sets of the target genes were developed or taken from literature and validated for qPCR (Table 1 ). The qPCR reaction (MyiQ, Bio-Rad, Hercules, CA) was performed using SYBR Green Supermix (Bio-Rad), primers (0.5 mM), ddH2O, and 1 l of undiluted cDNA in a 15-l reaction volume. The temperature profile was 3 min at 95°C, 40 ϫ (20 s at 95°C, 20 s at 60°C, 30 s at 72°C), 1 min at 95°C, 1 min at 65°C, followed by a melting curve analysis.
Western blot analysis. Pellets of 2 ϫ 10 5 cells were incubated with 10 l of RIPA buffer (Sigma-Aldrich) and 10 l of Laemmli buffer at 100°C for 5 min to denaturate the proteins. Proteins were separated by SDS-PAGE (Mini-PROTEAN 3 System, Bio-Rad) on a 10% poly-acrylamide gel and transferred to a PVDF membrane (Millipore Corporate, Billerica, MA). The membrane was blocked by incubation in PBS/0.1% Tween-20/5% milk solution for 1 h and probed overnight at 4°C with either mouse anti-human LH2 or mouse anti-human beta-actin (both derived from Abcam, Cambridge, UK) in PBS/0.1% Tween-20/1% milk. After being washed and incubated with the conjugate rabbit anti-mouse peroxidase (Pierce, Rockford, IL) in PBS/0.1% Tween-20 for 1 h, the blots were developed using Supersignal West Dura chemiluminescent Substrate (Pierce) and visualized by Versadoc (Bio-Rad).
Immunocytochemistry. Immunofluorescent stainings were performed on cells cultured on glass coverslips (Ø 13 mm) coated with 0.1% gelatin. Cells were washed with PBS (Sigma-Aldrich), fixated with 3.7% formalin (Sigma-Aldrich) for 20 min, and permeabilized with 0.5% Triton X-100 (Merck, Schiphol-rijk, The Netherlands) in PBS for 10 min. Non-specific binding was blocked by incubating twice with 1% horse serum (HS; Invitrogen) in PBS for 10 min, after which cells were washed two times for 10 min with NET-gel (50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% gelatin). Subsequently, cells were incubated for 2 h with primary antibodies against collagen type I (1:100) (Sigma-Aldrich), collagen type III (1:200) (Abcam), and LH2 (1:200) (Abcam) in NET-gel with 10% HS. Next, cells were washed six times with NET-gel and incubated for 30 min with Alexa fluor 488-conjugated goat antimouse IgG1 (1:300) secondary antibody for collagen type I and LH2, and Alexa fluor 488-conjugated goat anti-rabbit IgG(HϩL) secondary antibody for collagen type III (A21121 and A11008, Invitrogen). Afterward, cells were washed three times with NET-gel and stained for an additional 5 min with 4=,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Finally, cells were washed four times with PBS and mounted on slides with mowiol (Calbiochem, San Diego, CA). Cells were evaluated using fluorescence microscopy (Axiovert 200M, Zeiss, Göttingen, Germany). Immunofluorescent intensity of the stain- ings has been quantified using Matlab (The MathWorks, Eindhoven, The Netherlands) and normalized to cell number and control cultures at hyperoxia.
Procollagen type I C-peptide quantification. Collagen synthesis has been measured indirectly through the amount of procollagen type I carboxy-terminal peptide (PIP) in the culture supernatents. The concentration of PIP was measured with an in vitro enzyme immunoassay (EIA) kit (Takara Bio, Otsu, Japan) according to the manufacturer's instructions. In short, 100 l of antibody-peroxidase conjugate solution (provided in EIA-kit) and 20 l of diluted sample were transferred to each well and incubated at 37°C for 3 h. Subsequently, the wells were washed four times with PBS. Next, 100 l of substrate solution (provided in EIA-kit) were added to each well and incubated at room temperature for 15 min. Finally, 100 l of stop solution (1N H 2SO4) were added, and absorbance of samples and standards were measured in duplo at 450 nm with a plate reader (Synergy HT microplate reader, Bio-Tek, Winooski, VT). The measured PIP concentration was normalized to cell number and control cultures at hyperoxia.
Statistical analysis. All data are presented as means and their standard deviations. Relative expression levels were normalized to the geometric mean of both reference genes and the control group at hyperoxia (11, 17) . Differences between sample and control (hyperoxia) were assessed statistically with an unpaired Student's t-test for gene expression levels, since measuring the effect of each individual low oxygen concentration compared with hyperoxia was an experiment on itself. For the aspect ratio, collagen synthesis, and intensity of the immunofluorescent stainings, one-way ANOVA with a Tukey's multiple comparison post hoc test was used. Differences were analyzed using GraphPad Prism software (GraphPad Software) and considered significant for P values of Ͻ0.05.
RESULTS

Morphological integrity, cell viability, and proliferation.
After 24 h, cell shape and size were comparable for all oxygen concentrations. After 4 days, cells exposed to 7 and 2% O 2 also remained normal morphology (Fig. 2, A-C and I) and proliferation rates (Fig. 2J) comparable to the cells exposed to hyperoxia. However, cells exposed to 0.5% O 2 for 4 days tended to lose their spindle-like shape and became more stretched, indicated by a decreased aspect ratio (Fig. 2, D and  I) . Furthermore, proliferation at 0.5% O 2 decreased after 4 days compared with cells cultured at hyperoxia (Fig. 2J) . Cells maintained viable for all oxygen concentrations after both 24 h and 4 days (Fig. 2, E-H) . No changes in viability were observed among the groups.
Gene expression. At hyperoxia, procollagen-␣1(I), procollagen-␣1(III), and elastin were all expressed, with procollagen- Fig. 2 . A-D: phase-contrast light microscopy pictures: human myofibroblasts exposed to 21, 7, and 2% O2 for 4 days remain normal morphology (A-C), whereas myofibroblasts exposed to 0.5% O2 lose their spindle-like shape (D). E-H: myofibroblasts remain viable after exposure to 21, 7, 2, and 0.5% O2 for 4 days (PI/CTG staining; green: viable cells, CTG; red: dead cells). I and J: aspect ratio and proliferation rate of myofibroblasts decreases after 4 days of exposure to 0.5% O2. Myofibroblasts exposed to 7 and 2% O2 remain normal aspect ratio and proliferation rate. Significant difference compared with controls cultured at hyperoxia: *P Ͻ 0.05; **P Ͻ 0.001. ␣1(I) most abundant, being 10 times higher than expression levels of procollagen-␣1(III) and 40 times higher than those of elastin (Fig. 3A) . Furthermore, expression levels of the crosslink enzymes differed at hyperoxia, with LOX being 20 times higher than those of LH2 (Fig. 3B) .
VEGF gene expression levels increased exponentially at 4% O 2 and lower (Fig. 4, A and D) . Therefore, we defined oxygen concentrations of 4% and lower as hypoxia. Gene expression levels of procollagen-␣1(I) and ␣1(III) increased to 138 Ϯ 26 and 143 Ϯ 19% (P Ͻ 0.05), respectively, for all oxygen concentrations below 4% compared with hyperoxia (Fig. 4B) . Elastin gene expression levels remained unaffected with decreasing oxygen concentrations (Fig. 4B) . The largest effects were seen for the cross-link enzymes LH2 and LOX. Gene expression levels of both enzymes increased exponentially with decreasing oxygen concentrations, but effects were smaller for LOX than for LH2 (228 Ϯ 45 vs. 611 Ϯ 176% at 0.5% O 2 compared with hyperoxia) (Fig. 4, C, E, and F) .
Culturing at 7% O 2 had no effect on the gene expression levels of any of the examined genes compared with hyperoxia.
Protein synthesis. The amount of PIP in the supernatant after 4 days of culture increased at oxygen concentrations of 2 and 0.5% compared with hyperoxia (Fig. 5A) . Immunocytochemistry showed that at hyperoxia all cells stained positive for collagen type III, whereas only part of the cells was positive for collagen type I (Fig. 6, A and E) . No difference was observed in intensity of collagen type I staining at 7, 2, and 0.5% O 2 compared with hyperoxia (Fig. 6, A-D and M) . Collagen type III staining was more pronounced at hyperoxia, and 7 and 2% O 2 than at 0.5% O 2 (Fig. 6, E-H and N) .
With respect to production of the cross-link enzyme LH2, the exposure of cells to 2 and 0.5% O 2 for 4 days gave an increase in the amount of LH2 compared with cells at hyperoxia ( Fig. 5B and Fig. 6, I-L and O) . No differences were observed between cells at 7% O 2 and hyperoxia (Figs. 5B and 6O). Fig. 3 . A: gene expression levels of procollagen 1␣(I) were 10 times higher than expression levels of procollagen 1␣(III) and 40 times higher than those of elastin in human myofibroblasts at hyperoxia. B: gene expression levels of LOX were 20 times higher than those of LH2 (B) in human myofibroblasts at hyperoxia. Fig. 4 . A-C: gene expression levels of VEGF (A), procollagen 1␣ (I) and (III), elastin (B), and LH2 and LOX (C) in human myofibroblasts after exposure to various oxygen concentrations for 24 h. VEGF and LH2 gene expression levels increase at oxygen concentrations of 4% and lower. LOX and procollagen 1␣ (I) and (III) gene expression levels increase at oxygen concentrations of 2% and lower. Elastin gene expression levels remain unaffected. Significant difference compared with controls cultured at hyperoxia: *P Ͻ 0.05; **P Ͻ 0.001. Gene expression levels are normalized to the control group at hyperoxia (broken line). D-E: exponential fits to the data points (; 9 per oxygen concentration) of VEGF (D), LH2 (E), and LOX (F). All show an exponentially increased gene expression with decreasing oxygen concentration. The broken lines indicate the 95% confidence intervals.
DISCUSSION
Optimization of cardiovascular tissue engineering for human implantation requires in vitro regulation of tissue properties. It is a challenge to provide an environment that stimulates matrix production and maturation, thereby improving tissue properties to meet in vivo demands. This study elaborated on the effects of the environmental factor oxygen concentration on extracellular matrix production. The effects of low oxygen concentrations are widely investigated for application in bone and cartilage tissue engineering (12, 38) , stem cell culture (23) , and its role in tumors and cardiac infarcts (30, 36) . However, results vary between cell sources, and for human myofibroblasts, a commonly used cell source in cardiovascular tissue engineering, the effects are not known. Therefore, we investigated changes in growth, viability, and ECM production of these cells due to culturing at low oxygen concentrations.
In our study, we cultured human myofibroblasts at hyperoxia (21% O 2 ), normoxia (7% O 2 ), and hypoxia (4 -0.5% O 2 ). We demonstrated that culturing at normoxia has no effect on any of the investigated genes and proteins compared with culturing at hyperoxia. Human myofibroblasts turn to hypoxia-driven gene expression, represented by VEGF expression, when exposed to oxygen levels of 4% or lower. Since matrix genes are affected by hypoxia, these results imply that to obtain effects of culturing at low oxygen concentrations on the extracellular matrix level, the oxygen concentration at the cellular level has to be at least below 4%. The exponential increase of hypoxia-driven gene expression with decreasing oxygen concentration is described for other cell sources as well (8, 20) . Inter-patient variations in cellular sensitivity to hypoxia are reported (8) , which indicate that effects of hypoxia can be more or less pronounced in one patient compared with another.
Currently, tissue engineered constructs contain ϳ30% of the amount of collagen that native tissue contains (2) . Major improvements in tissue quality could be reached if collagen formation and cross-linking in tissue engineered constructs can be improved. Native cardiovascular tissue, such as heart valves and blood vessels, mainly consists of collagen type I and, with smaller amounts, collagen type III. This pattern can also be recognized in the basal expression levels of the myofibroblasts in this study since gene expression levels of procollagen ␣1(I) were higher than those of procollagen ␣1(III). Both levels increased at oxygen levels of 2% or lower. Further lowering of the oxygen concentration had no additional effects. This implies that collagen gene expression increases when oxygen levels drop below a certain threshold but that below this threshold no additional effects can be obtained by further decreasing the oxygen concentration. In vitro, the effect of hypoxia on collagen expression levels depends on cell source, exposure time, and oxygen concentration (1, 7, 14, 18, 19) . For example, exposure of human dermal fibroblasts to 1% O 2 for 72 h resulted in decreased procollagen-␣1(I) gene expression (7), whereas human dermal fibroblasts and cardiac fibroblasts exposed to 2% O 2 for 96 and 24 h, respectively, showed an increase in procollagen-␣1(I) gene expression (1, 14) . Furthermore, at oxygen concentrations of 0.5% and 0% O 2 , no changes were observed in rat vascular smooth muscle cells (18) and fetal rat lung fibroblasts (19) . We investigated whether exposure time influenced gene expression levels in the described experiments, but we observed no differences between 24, 48, 72, and 96 h of exposure (data not shown). Interestingly, staining for collagen type I revealed no differences, whereas collagen type III staining was less pronounced at 0.5% O 2 . Both are inconsistent with the gene expression results. However, overall collagen synthesis increased in myofibroblasts exposed to 2 and 0.5% O 2 compared with hyperoxia. Both gene expression and immunofluorescent stainings are intracellular measurements at a certain time point, whereas collagen synthesis measurements are a cumulative of the synthesis during 4 days. Further studies will focus on extracellular collagen deposition for tissue formation and will distinguish between collagen type I and III to investigate whether the discrepancy between gene expression and protein level really exists.
The enzyme LH2 is essential for collagen cross-linking, whereas LOX is associated with both collagen and elastin cross-linking (4, 21) . Since strength and maturity of fibers like collagen and elastin are related to the amount of cross-links (3), increased amounts of LH2 and LOX could improve tissue quality. Gene expression levels of the cross-link enzymes LOX and LH2 were strongly upregulated by hypoxia, reaching an optimum at 0.5% O 2 . At protein level, the upregulation of LH2 at 2 and 0.5% O 2 was confirmed. Unfortunately, measurement of LOX at protein level was unsuccessful. Others showed that upregulation of LOX is also mediated by targets of the hy- Fig. 5 . A: collagen synthesis, normalized to cell number and control cultures at hyperoxia, was measured through PIP analyses in the supernatant of human myofibroblasts. Collagen synthesis increases when cells are exposed to 2 or 0.5% O2 for 4 days and is not affected by culturing at 7% O2. Significant difference compared with controls cultured at hyperoxia (broken line): *P Ͻ 0.01; **P Ͻ 0.001. B: the amount of LH2 produced by human myofibroblasts increases when cells are exposed to 2 and 0.5% O2 for 4 days. LH2 levels at 7% O2 remain unaffected.
poxia-inducible factors (39) , which confirms our findings at gene expression level. Tissue studies will have to provide more insight on the effect of low oxygen concentrations on crosslink formation, since actual cross-link amounts can be measured in tissue engineered constructs.
Elastin is currently considered a missing link in tissue engineered prostheses (26, 28) . It is a crucial component in tissue functionality since it is responsible for resilience of the tissue. Gene expression levels of elastin remained unaffected for all oxygen concentration tested in this study. Others reported a decrease in elastin when exposing fetal rat lung fibroblasts to hypoxia (5, 6) . Therefore, the fact that our cells were not affected by hypoxia may be considered promising. As soon as techniques to improve elastin production are developed, they might have potential to be combined with the stimulating effect of hypoxia on collagen formation and fiber maturation without affecting newly formed elastin.
Human myofibroblasts remained viable and proliferating at all oxygen concentrations tested in this study. However, cells exposed to 0.5% O 2 for 4 days lost their spindle-like shape and proliferation rate decreased, which might indicate cell stress after a longer period of exposure to such a low oxygen concentration. Therefore, 0.5% O 2 might not be suitable for long-term tissue culture. At very low oxygen concentrations, cells will turn to anaerobe glycolysis for ATP production, which eventually can lead to acidification of the medium (9) . In our experiments, acidification was not observed, but in longterm cultures at 0.5% O 2 this might affect cell viability. Gene expression and protein levels at 2% O 2 increased while cells retained normal morphology and proliferation rate, which (D, H, L) . Cell nuclei were stained with DAPI (blue). M-O: quantified intensity of immunofluorescent stainings normalized to cell number and control cultures at hyperoxia. LH2 staining is most pronounced at 2 and 0.5% compared with 7 and 21% O2, whereas collagen type III is more pronounced at 21, 7, and 2% than at 0.5% O2. No difference was observed in intensity of collagen type I staining at 7, 2, and 0.5% O2 compared with hyperoxia. Significant difference compared with controls cultured at hyperoxia (broken line): *P Ͻ 0.01; **P Ͻ 0.001. makes 2% O 2 a very promising oxygen concentration to improve tissue composition. Finally, gene expression levels of procollagen ␣1(I) and (III) and LOX were not affected by 4% O 2 , but VEGF expression increased, indicating that cells do experience this oxygen concentration as hypoxia. Therefore, it might be that culturing at 4% O 2 will lead to increased ECM production in long-term experiments.
The results of this study show that hypoxia induces ECM formation and maturation by human myofibroblasts. Implementing these results in 3D tissue engineering will help to develop more mature and, therefore, stronger tissue in vitro. However, to implement these results into 3D cardiovascular tissue engineering approaches, one has to take into account the oxygen gradient that exists within the cultured tissue (10) . Previous 3D tissue culture at 7% O 2 showed a significant increase in the mechanical properties of the tissue. However, due to poor oxygen diffusion, the actual oxygen concentration in the middle of the engineered constructs was probably below 7% O 2 . Therefore, oxygen diffusion should be improved to keep this gradient to a minimum. In addition, numerical simulations might be helpful to assess the environmental oxygen concentration needed to obtain the desired oxygen concentration within the tissue (33) .
In conclusion, this study highlights the improvements that can be met in cardiovascular tissue engineering by culturing under hypoxic conditions. Hypoxia enhanced gene expression and protein production of ECM components in human myofibroblasts when oxygen levels dropped below 4%. Effects were most abundant for the cross-link enzymes LOX and LH2, but also collagen synthesis increased at low oxygen concentrations. Implementation of these results in 3D cardiovascular tissue engineering can further improve tissue formation and maturation, taking us one step closer to controlling tissue culture and matrix composition toward engineered cardiovascular human implants close to native.
